Introduction
============

Minor histocompatibility (H) antigens are peptide fragments derived from proteins with polymorphisms that arise from sequence variations or null/expression of proteins derived from the same genetic locus.^[@bib1],\ [@bib2]^ Because the polymorphic regions fall into the epitope sequences presented by major H complexes (MHC), minor H antigens may be recognized as foreign epitopes during allogeneic cell and tissue transplantation, particularly between MHC-matched individuals, thereby inducing specific CD4 and CD8 T-cell responses.^[@bib3]^ These allo-reactive CD4 or CD8 T cells contribute to the rejection of the transplanted allogeneic cells and tissues and to the generation of graft-versus-host disease.^[@bib4]^ Therefore, understanding the characteristics of CD8 T-cell responses for minor H antigens would provide valuable insights into controlling tissue rejection and graft-versus-host disease.

When the immune system of an individual encounters multiple epitopes derived from polymorphic alleles of background-disparate individuals, allo-responses are simplified by the immunodominance phenomenon, in which T-cell responses are focused on several peptide/MHC epitopes, though potentially hundreds and thousands of antigenic peptides could be recognized.^[@bib5]^ Therefore, the responses for some dominant antigens dominate over the responses for others, generating an immune hierarchy among the different epitope specificities of CD8 T-cell responses.^[@bib6]^ In the allo-responses induced in C57BL/6 (B6) by the transplantation of cells or tissues originating from BALB.B mice (MHC-matched but multiple-minor H antigen-mismatched with B6 mice), a few dominant minor H antigens have been identified, including H60, H4, H28, H7, H13 and HY.^[@bib4],\ [@bib6],\ [@bib7]^

In several B6 anti-BALB.B settings, H60 and H4 minor H antigens have been considered to be two major antigens that induce dominant responses, whereas H13 and HY-Uty-reactive CD8 T-cell responses are subdominant.^[@bib6],\ [@bib8],\ [@bib9]^ The CD8 T-cell response against H60, which is expressed by hematopoietic lineage cells,^[@bib10]^ is exceptionally dominant in B6 mice immunized with BALB.B splenocytes and during graft-versus-host disease induced in BALB.B mice via the transplantation of B6 bone marrow and spleen cells.^[@bib8]^ The dominance of H60-specific response was ascribed to the presence of a high precursor frequency of the reactive CD8 T cells in the naïve pool, because of insufficient negative selection against H60-reacitive CD8 T cells in the thymus of B6 mice.^[@bib11]^ However, in allogeneic skin transplantation, CD8 T-cell response against H4 was dominant.^[@bib9]^ The immunodominance of H4 was ascribed to the wide distribution of H4, not only in the hematopoietic cells but also in epithelial cells and other cell types.^[@bib12]^ Therefore, H4 was considered to be dominant when solid tissue was transplanted, whereas H60 was dominant when the exposure of allogeneic hematopoietic cells occurred during transplantation. In line with this finding, it was reported that H60 was dominant during heart transplantation involving primary vascularization, whereas H4 was dominant in skin transplantation.^[@bib13]^ However, other than the different antigen distribution between H60 and H4, the detailed mechanisms underlying the loss of immunodominance of H60 remain unexplained.

In this study, to understand how the H60-specific CD8 T-cell response becomes subservient to the H4-specific CD8 T-cell response following allogeneic skin transplantation, we chased the immune dynamics of H60 and H4-specific CD8 T cells in B6 mice transplanted with BALB.B tail skin. The results demonstrate that the H60-specific CD8 T-cell response actively participates in the allo-response and that reliance of H60- or H4- specific CD8 T cells on the different antigen presentation pathways for dominance determines the immune hierarchy between the two antigens.

Materials and methods
=====================

Mice
----

C57BL/6 (B6: H-2^b^) and C.B10-*H2^b^*/LiMcdj (BALB.B: H-2^b^) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). H60 congenic B6.C-*H60*^*C*^/DCR and H4 congenic (B10.129-*H46*^*b*^*H47*^*b*^ (21 M)/Sn) mice were kindly provided by Dr Derry Roopenian (The Jackson Laboratory). Luciferase transgenic mouse lines generated on B6 mice (B6-LucTg) were previously described,^[@bib14]^ and maintained by crossing with B6 mice. All the mice were maintained at the Center for Animal Resource Development, Seoul National University College of Medicine, and all mouse experiments were performed in accordance with the guidelines and in compliance with the Institutional Animal Care and Use Committee (IACUC) of Seoul National University, Korea.

Skin transplantation
--------------------

Skin was recovered and placed in PBS solution for a maximum of 30 min until use for transplantation. Full-thickness tail skin (1 × 1 × 0.5 cm^3^) derived from male BALB.B mice was transplanted on the tail site of C57BL/6J recipients. Recipient mice were anesthetized with evertin throughout the entire procedure. The skin graft was secured with a plastic adhesive bandage for 5 days. Graft survival was evaluated by daily visual inspection. Rejection was defined as necrosis of 75% of the transplanted skin surface.

*In vivo* bioluminescence imaging (BLI) analysis
------------------------------------------------

*In vivo* bioluminescence imaging was performed using an IVIS 100 imaging system using a charge-coupled device camera (Caliper Life Sciences, Alameda, CA, USA). Mice were kept on the imaging stage under anesthesia with 1.5% isoflurane gas in oxygen at a flow rate of 1.5 l min^−1^ and were given an i.p. injection of the substrate, [D]{.smallcaps}-luciferin (150 mg per kg body weight; Molecular Probes, Eugene, OR, USA). Mice were positioned supine to image the dorsal and ventral surfaces or on the left side to reveal the spleen or on the tail site. Relative intensities of emitted light were presented as pseudocolor images ranging from red (most intense) to blue (least intense). Gray-scale photographs and the corresponding pseudocolor images were superimposed with the LIVINGIMAGE (ver2.12; Xenogen, Alameda, CA, USA) and IGOR Pro (WaveMetrics, Lake Oswego, OR, USA) image analysis software. Signals emitted by regions of interest were measured and data were expressed as photon flux (photon s^−1^ cm^−2^ steradian-1 (sr-1)), which refers to the photons emitted from a unit solid angle of a sphere. Data are presented as the mean±standard error of the mean. The machine background was subtracted electronically, both from the images and from the measurements of photon flux.

Antibodies and flow cytometry
-----------------------------

Peripheral blood leukocytes (PBLs), splenocytes and lymph node (LN) cells from recipient mice were incubated at 4 °C for 30 min in FACs buffer (1 × PBS with 0.1% bovine calf serum and 0.05% sodium azide) containing phycoerythrin-labeled H60-peptide (LTFNYRNL)/H-2K^b^ tetramer (H60-tetramer) or H4^b^-peptide (SGIVYIHL)/H-2K^b^ tetramer, and other fluorescence-labeled antibodies. The antibodies used for flow cytometry are anti-CD45.1, anti-CD11a, anti-CD8, anti-CD4 and anti-IFN-γ mAbs purchased from eBioscience (San Diego, CA, USA).

IFN-γ secretion analysis
------------------------

Splenocytes and draining-LN cells-derived skin transplantation host cells (1 × 10^7^ per well) were activated with H60 (LTFNYRNL), H4^b^ (SGIVYIHL) or VSV (RGYVYQGL) peptides (10 μg ml^−1^) for 2 h and treated with BFA for another 4 h. Cells were washed twice with 1 × PBS. After washing, activated cells were fixed with 1% PFA and stained with FITC-conjugated CD8 mAb, phycoerythrin-conjugated H4/H-2K^b^ or H60/H-2K^b^ tetramer and antigen-presenting cell (APC)-conjugated IFN-γ mAb.

Statistical analysis
--------------------

Standard statistical methods were used to calculate the mean and standard error of the mean. The log-rank test was used to assess skin-graft survival. Alternatively, Student\'s *t*-test was performed using the GraphPad Prism program version 4 (GraphPad Software, San Diego, CA, USA). A *P* value \<0.05 was considered to be statistically significant; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

Results
=======

*In vivo* dynamics of CD8 T-cell expansion after allogeneic skin transplantation
--------------------------------------------------------------------------------

To understand the *in vivo* dynamics of allo-antigen-reactive CD8 T cells during the allo-responses induced by allogeneic skin transplantation, we performed bioluminescence imaging analysis, which enables the non-invasive tracking of the migration and proliferation of cells *in vivo.*^[@bib15]^ To this end, B6 background mice were transplanted with tail skin originating from MHC-matched but minor H antigen-mismatched BALB.B mice. Female B6-Albino mice with white coat color, instead of wild-type (WT) black B6 mice, were chosen as recipients for the detection of BLI signals. One day prior to the skin transplantation, white B6-Albino mice were adoptively transferred with CD8 T cells isolated from luciferase transgenic mice (B6-LucTg), in which an enhanced firefly luciferase gene was expressed under the actin-promoter.^[@bib14]^ These recipient mice were imaged periodically to obtain longitudinal bioluminescence images corresponding to the expansion and migration of the B6-LucTg CD8 T cells in the recipients until the rejection was completed ([Figure 1a](#fig1){ref-type="fig"}). Three pieces of the BALB.B tail skin were transplanted onto the tails of female B6-Albino mice, and a piece of female B6 skin was grafted behind the third BALB.B graft as a syngeneic control.

All three pieces of allogeneic BALB.B tail skin were completely rejected, with a median survival time of 19 days in the B6-Albino hosts ([Figure 1b](#fig1){ref-type="fig"}), as is usually observed with normal B6 hosts transplanted with BALB.B tail skin. The syngeneic graft of B6 tail skin remained accepted. The longitudinal BLI analysis showed that luminescence signals increased dramatically in the lumbar node from day 5 post transplantation; in comparison, increases in the signal in the spleens and other LNs located in the upper body (that is, cervical LNs) were not as high as that of the draining lumbar node ([Figure 1c](#fig1){ref-type="fig"}). This result implied that the increase in CD8 T-cell numbers was specific to the draining LN (LN) following allogeneic BALB.B skin transplantation. Strong luminescence signals were detected at the BALB.B allogeneic-skin graft from day 7 post transplantation, indicating the migration of activated CD8 T cells to the allograft antigen sites. These signals lasted until the BALB.B allograft was rejected, with the peak signals being detected on day 10 post transplantation. The signals at the allograft sites remained at low intensities even after the rejection was complete (on days 21 and 28 post transplantation) and faded gradually ([Figure 1c](#fig1){ref-type="fig"}). Weak signals were also detected in syngeneic grafts, but only during the peak period (days 7--14). This was attributed to bystander signals generated by the high influx of allo-reactive CD8 T cells from the blood stream to the inflamed allograft sites.

To confirm the *in vivo* kinetics of CD8 T cells observed in BLI analysis, flow cytometric analyses were performed using B6 mice transplanted with BALB.B tail skin. CD45.1^+^CD8 T cells were adoptively transferred into CD45.2^+^ B6 hosts one day prior to transplantation ([Figure 1d](#fig1){ref-type="fig"}), and their numbers in different organs of the transplanted hosts were estimated at different time points and plotted. Again, the CD45.1^+^CD8 T-cell numbers increased dramatically in the dLNs and in the BALB.B allografts, with a slight increase observed in spleens. Consistent with the kinetics observed in the BLI analysis, the CD45.1^+^CD8 T-cell numbers in the dLN and allograft peaked on day 10 post transplantation. Therefore, we concluded that the BLI data reflected the *in vivo* dynamics of CD8 T cells following allogeneic skin transplantation.

Transient immunodominance of H60 prior to overall prominent dominance of H4 during anti-BALB.B allo-response
------------------------------------------------------------------------------------------------------------

Next, we tested whether the immune hierarchy (H4\>H60) could be reproduced in our tail skin transplantation experiment. Leukocytes in blood, spleen and draining LN were stained with H60-and H4-tetramers and analyzed via flow cytometry at three different time points, days 7, 10 and 14 post transplantation. The results showed that frequencies of H4-tetramer-binding CD8 T cells were exceptionally high, with a peak range of 6--16% of blood and spleen CD8 T cells (12.3% on average) on day 10 post transplantation, demonstrating that the H4-specific CD8 T-cell response was dominant overall ([Figure 2a](#fig2){ref-type="fig"}). However, unexpectedly, we observed that the frequencies of H60-tetramer-binding CD8 T cells in the blood (4.88% and 3.22% in PBL and spleen CD8 T cells, respectively, on average) were higher than those of H4-tetramer-binding cells (1.47% and 1.88%, respectively on average) on day 7. This indicates that there was a transient period of H60 dominance before H4 dominance became prominent. This trend of differential kinetics between H60- and H4-specific CD8 T-cell responses was confirmed by IFN-γ secretion analysis using the CD8 T cells present in the spleen and dLN ([Figure 2b](#fig2){ref-type="fig"}). This transient weak dominance of H60, in spite of the overall dominance of H4, implied that the H60-specific CD8 T cells were not dormant during the anti-BALB.B skin allo-response but demonstrated that they participated actively in the response, particularly early after transplantation.

Participation of H60-specific CD8 T cells in the allo-response after skin transplantation
-----------------------------------------------------------------------------------------

On the basis of our findings that H60-specific CD8 T cells dominate early and briefly, we sought to investigate their dynamics during the allo-response against BALB.B skin. In particular, we questioned whether they could migrate to the BALB.B allografts in which parenchymal cells do not express H60. To address this question, we performed BLI analysis on CD8 T cells specific for H60 in the BALB.B skin-transplanted hosts using B6-Albino mice that had been adoptively transferred with CD8 T cells expressing transgenic luciferase and TCRs (J15) with specificity to H60 before skin transplantation ([Figure 3a](#fig3){ref-type="fig"}). Transgenic TCR mouse lines were generated on the B6 background, using the TCR α and β sequences obtained from a previously described H60-specific CTL clone that recognizes the H60-epitope/H-2K^b^ with moderate affinity.^[@bib16]^ Among the three different lines expressing the transgenic TCRs, a transgenic mouse line named J15 expressed TCRs on CD8 T cells at levels comparable with those of normal TCRs on polyclonal B6 CD8 T cells, as determined by flow cytometric analysis (data not shown). The J15 line was therefore chosen for crossing with B6-LucTg mice to generate double transgenic mice.

BLI analysis of J15-LucTg CD8 T cells in the transplanted hosts visualized the expansion of those in the draining LN and migration to the BALB.B allograft ([Figure 3b](#fig3){ref-type="fig"}). To verify the specific migration of H60-specific CD8 T cells to the allograft whose parenchymal cells do not express H60, another group of adoptive B6-Albino hosts were transplanted with skin from H60 congenic mice. The BLI data showed migration of the H60-specific CD8 T cells to the grafted H60 congenic skin. However, the signal kinetics curve demonstrated that the expansion and migration of the H60-specific CD8 T cells were slightly delayed in the host transplanted with H60 congenic skin, compared with those with BALB.B skin. This result indicated that responses of H60-specific CD8 T cells were influenced by the presence or absence of immune competition with CD8 T cells specific for H4 and other minor H antigens. Nevertheless, it was clear that the H60-specific CD8 T cells could migrate to the allografts, despite the hematopoietic cell-restricted distribution of H60.

Next, using flow cytometric analysis with B6 mice transplanted with the two different sources of tail skin, we confirmed the difference in the response kinetics of H60-specific CD8 T cells between BALB.B and H60 congenic skin transplantation. B6 mice transplanted with H4 congenic skin were included as a control group. Compared with the rejection of BALB.B and H4 congenic skin (17 and 19 days of median survival times, respectively; [Figure 3c](#fig3){ref-type="fig"}), the transplanted H60 congenic skin was rejected, with a slight, albeit insignificant, delay (24 days of median survival time). H60-tetramer-binding CD8 T cells were detected in the blood of the hosts transplanted with H60 congenic skin, with delayed peak days (3.4% on average at day 10) compared with that after BALB.B skin transplantation (average 3.5% at day 7). Thus, response of H60-specific CD8 T cells was accelerated in the presence of immune competition. On the contrary, the H4-specific CD8 T-cell response was relatively stable, reaching its peak on the same day, regardless of the presence (BALB.B skin transplantation) or absence (H4 congenic skin transplantation) of immune competition. Therefore, the H60-specific response was relatively dynamic and was influenced by immune competition.

Reversed immune hierarchy by the enhancement of H60-specific CD8 T-cell frequency
---------------------------------------------------------------------------------

Because BLI and flow cytometric data provided evidence supporting an active involvement of H60-specific CD8 T cells in allo-responses against BALB.B skin grafts, we tested whether the enhancement of H60-specific CD8 T-cell frequency prior to allogeneic skin transplantation could influence the rejection process and immune hierarchy between H60 and H4. To enhance the frequency, female B6 mice were pre-immunized with male H60 congenic splenocytes 30 days prior, and then transplanted with BALB.B skin. The frequency of H4-specific CD8 T cells before BALB.B skin transplantation was enhanced in the same way, by immunizing B6 female mice with H4 congenic splenocytes in parallel. Therefore, the frequencies of H60 or H4-specific CD8 T cells were comparable, being in the range of 0.2--0.3% among blood CD8 T cells of the respective pre-immune mice one day prior to the BALB.B skin transplantation (data not shown). Upon transplantation, BALB.B skin was rejected more rapidly in the hosts pre-immunized against either H60 or H4 (with 12 or 14 days of median survival time, respectively) than in hosts without pre-immunization (17 days of MTS; [Figure 4a](#fig4){ref-type="fig"}). Therefore, regardless of whether the specificity was for hematopoietic cell specific H60 or ubiquitous H4 antigen, the presence of memory CD8 T cells in the hosts expedited the rejection of the allogeneic BALB.B skin, verifying the involvement of H60-specific CD8 T cells in the anti-BALB.B skin response.

As expected, flow cytometric analysis of PBLs revealed that pre-immunization with H60 enhanced the frequencies of the specific CD8 T cells detected after BALB.B skin transplantation. This led to significant reductions in the frequencies of the H4-specific CD8 T cells in blood, compared with that in hosts without H4 pre-immunization ([Figure 4b](#fig4){ref-type="fig"}). This demonstrated a reversion of the immune hierarchy between H60 and H4, because of formation of memory cells specific for H60 before BALB.B skin transplantation. Pre-immunization for H4 also increased H4-reactive CD8 T-cell frequencies slightly, but not significantly. Altogether, these results implied that although the H60-specific response was subservient to the H4-specific CD8 T-cell response overall, H60 was not an insignificant antigen but an influential one during the development of anti-BALB.B skin allo-responses.

Dependence of H60 dominance on direct antigen presentation by donor APCs
------------------------------------------------------------------------

After allogeneic skin transplantation, direct presentation by donor APCs and indirect presentation by host APCs are known to contribute to the activation of all-reactive T cells.^[@bib17],\ [@bib18]^ We investigated the extents by which these pathways contributed to the induction of the CD8 T-cell responses for H60 and H4, with the hypothesis that differential distributions of these two antigens would influence the antigen presentation pathway. To evaluate the contribution of direct presentation by donor APCs, we used β2m-deficient mice as recipients of the BALB.B skin transplantation, which were adoptively transferred with CD45.1^+^ WT CD8 T cells 3 weeks prior; in this way, the activation of CD8 T cells would necessarily rely on antigen presentation by donor APCs present in the grafted BALB.B skin. The transferred CD45.1^+^ WT CD8 T cells were stabilized for 3 weeks in the β2m-deficient hosts before induction of the allo-response ([Figure 5a](#fig5){ref-type="fig"}). The β2m-deficient hosts were transplanted with skin from H60 congenic or H4 congenic mice in parallel.

In flow cytometric analysis of PBLs from the transplanted β2m-deficient hosts, H60-tetramer-binding CD8 T cells were detected. However, the total CD45.1^+^ CD8 T cells were less abundant than in normal mice, and the peak frequencies were significantly enhanced to 5.6% on average, compared with the values obtained with BALB.B skin transplanted WT counterparts on day 7 post transplantation ([Figures 5b and c](#fig5){ref-type="fig"}). These values were also significantly higher than those detected after H60 congenic skin transplantation onto β2m-deficient hosts. Therefore, the presence of immune competition and direct presentation only encouraged the expansion of the H60-specific CD8 T cells after BALB.B skin transplantation. On the contrary, H4-tetramer-binding CD8 T cells were rarely detected in the β2m-deficient hosts transplanted with BALB.B or H4 congenic skin ([Figures 5b and c](#fig5){ref-type="fig"}), indicating the complete abrogation of H4-immunodominance in the absence of indirect presentation. These results suggested that immunodominance of H60 might rely on direct antigen presentation by donor APCs, whereas that of H4 might rely on indirect presentation by host APCs.

Lack of full expansion of H60-specific CD8 T cells in the absence of direct presentation after allogeneic skin transplantation.
-------------------------------------------------------------------------------------------------------------------------------

Next, we examined whether the lack of direct presentation would affect the magnitude of H60-specific CD8 T-cell responses after skin transplantation. To this end, we transplanted B6 mice with skin from H60 congenic mice crossed onto the β2m-deficient background (*β2m*^*−/−*^H60 congenic mice); in this way, donor APCs originating from the β2m-deficient H60 congenic mice could not present H60, and consequently, the activation of H60-specific CD8 T cells would necessarily rely on indirect presentation by host APCs ([Figure 6a](#fig6){ref-type="fig"}). As controls, skin from H4 congenic mice on the β2m-deficient background (*β2m*^*−/−*^H4 congenic mice) or BALB.B mice was transplanted onto WT B6 mice in parallel. In flow cytometric PBL analysis, H60-tetramer-binding CD8 T cells were rarely detected in the blood of the host transplanted with β2m-deficient H60 congenic skin ([Figure 6b](#fig6){ref-type="fig"}). However, H4-tetramer-binding CD8 T cells were detected at significant frequencies in the blood of mice transplanted with β2m-deficient H4 skin. However, these frequencies were slightly, albeit not significantly, lower than the usual values observed with WT H4 congenic skin, demonstrating that both indirect and direct antigen presentation pathways contributed to full expansion of H4-specific CD8 T cells after skin transplantation. However, the indirect pathway only could support a normal range of expansion of H4-specific CD8 T cells, but not that of H60-specific CD8 T cells under skin transplantation conditions. Therefore, the immunodominance of H60 after skin transplantation was dependent on the direct antigen presentation pathway, whereas that of H4 was more dependent on the indirect pathway.

Discussion
==========

In this study, we demonstrate that CD8 T-cell response against the hematopoietic lineage-specific antigen H60 participates in the allo-response induced after BALB.B skin transplantation and migrates to the grafted BALB.B skin, although this response is subdominant to the H4-specific CD8 T-cell response overall. However, we discovered that before the H4-immunodominance becomes prominent, there is a transient period during which H60 is slightly immunodominant. This dynamic change in dominance between H60 and H4 is related to differences in preferences for antigen presentation pathways for each of these antigens during the anti-BALB.B skin allo-response. The reliance on the direct presentation pathway is suggested to be the reason for the transient dominance and overall subdominance of the H60-specific CD8 T-cell response after BALB.B skin transplantation.

Immunodominance of H60 during the B6 anti-BALB.B response has been established under circumstances, in which the transplanted materials involved hematopoietic cells, such as spleen cell immunization, graft-versus-host disease induction and heart transplantation involving primary vascularization.^[@bib6],\ [@bib8],\ [@bib11],\ [@bib13]^ Consistent with a previous report, we demonstrated that the H60-specific response was subdominant to the H4-specific response after BALB.B tail skin transplantation.^[@bib13]^ One interpretation of this dominant H4-specific response is that CD8 T-cell responses specific for the hematopoietic cell-restricted antigen H60 plays an insignificant role in solid tissue transplantation, which does not involve vascularization. However, our findings indicated that H60-specific CD8 T cells actively participate in the anti-BALB.B skin allo-response because (i) the H60-specific response was not consistently subdominant, but was instead briefly dominant, and (ii) pre-immunization with H60 reversed the immune hierarchy and expedited the rejection of BALB.B skin. Thus, the immunodominance of H4 after BALB.B skin transplantation is neither stable nor permanent, but can be subdominant, especially when antigen presentation pathways are manipulated. We further suggest that the immunodominance of a specific antigen may reflect the ongoing immune responses during the rejection process after allograft transplantation.

The fact that dominance of the H60-specific CD8 T-cell response emerged briefly before the H4-specific CD8 T-cell response predominated suggested that the expansion of H60-specific CD8 T cells in response to BALB.B skin transplantation would precede that of H4-specific CD8 T cells. During the rejection process after solid tissue transplantation, donor APCs leave the grafted tissue and reach the draining LN, where they activate T cells.^[@bib19]^ Among the donor APCs in the skin, dermal dendritic cells were found to disappear from the graft within 3--5 days, constituting the first wave of APCs reaching the draining LN, whereas Langerhans cells persisted until the onset of graft rejection.^[@bib20]^ Langerhans cells have been suggested to play a role at later time points or cause additional activation of T cells, rather than priming T cells.^[@bib21]^ Combining these with our results, we suggest that H60-specific CD8 T cells may first be primed by donor dermal dendritic cells in the dLN, and then infiltrate to the allografts where they are further stimulated by long-lasting Langerhans cells in the grafted BALB.B tissues. However, because of the low numbers of H60-expressing Langerhans cells in the grafted allogeneic skin, further expansion and participation of H60-specific CD8 T cells in allo-response may be limited, eventually becoming subservient to H4-specific CD8 T cells.

H4 dominance was found to depend more on the indirect rather than the direct presentation pathway. Sources of donor allo-antigens for indirect presentation include donor cells that migrate and die in the draining LN.^[@bib22]^ Alternatively, host APCs, such as inflammatory monocytes and dendritic cells, which infiltrate the allograft, may collect antigens in the grafts and migrate to the draining LN, where they cross-prime CD8 T cells.^[@bib20],\ [@bib23]^ Considering the later emergence of H4-reactive CD8 T cells than H60-specific cells in the blood, we suggest that the indirect antigen presentation by host APCs infiltrating the allografts would be responsible for the overall dominance of the H4-specific CD8 T-cell response. Being expressed by various cell types, H4 is relatively abundant in the skin grafts, allowing the indirect pathway to support the high magnitude of H4-specific CD8 T-cell expansion. Therefore, the distribution of an alloantigen influences antigen presentation pathways that lead to the dominance of specific CD8 T-cell responses, thereby, determining the immune hierarchy after allogeneic skin transplantation. Although the H60-specific CD8 T-cell expansion was dependent on the direct pathway under skin transplantation conditions, in the cases of allogeneic hematopoietic cell transplantation (such as spleen cell immunization), the massive expansion of H60-specific CD8 T cells was also more dependent on indirect presentation by host APCs than direct presentation by donor immunizing cells.^[@bib24],\ [@bib25]^ Taking all of these findings obtained under different experimental conditions, we propose that regardless of whether the stimulating sources are hematopoietic cells or non-hematopoietic solid tissues, the indirect antigen presentation pathway would contribute more to immunodominance than the direct pathway.

Mechanisms of immunodominance have been investigated intensively in the responses following allogeneic transplantation and pathogen infections.^[@bib26]^ The determining factors vary but may include affinity of peptide/MHC complexes for the specific TCRs, competition for target cells and frequencies of reactive CD8 T cells.^[@bib11],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ Here, we demonstrate that immunodominance is influenced by the alloantigen-distribution pattern and associated antigen presentation pathway.

In summary, we demonstrated that although the H60-specific CD8 T cells actively participate in the allo-response induced by BALB.B skin transplantation, the specific response is transiently dominant, but is overall subdominant to the H4-specific CD8 T-cell response. Moreover, the dependence on different antigen presentation pathways for the immunodominance between H60 and H4 leads to the immune hierarchy of H60\<H4 during the anti-BALB.B allo-response. Our results not only enhance the understanding of the immunodominance phenomenon but also provide useful information for controlling immune response after allogeneic tissue transplantation.

This study was supported by a grant from the Korea Healthcare Technology R & D project, Ministry of Health, Welfare, and Family Affairs of Korea (HT 12C0223).

![*In vivo* dynamics of CD8 T-cell expansion after allogeneic skin transplantation. (**a**) Experimental scheme of BLI analysis. CD8 T cells (3 × 10^6^) isolated from female B6-LucTg mice were adoptively transferred into female B6-Albino mice one day prior to skin transplantation. Three pieces of male BALB.B skin and one piece of syngeneic female B6 skin were transplanted. (**b**) Graft survival in the transplanted B6-Albino mice. MHC-matched but minor H antigen-mismatched BALB.B skin (H-2^b^) were rejected (*n*=18, median survival time, MST=19 days), whereas syngeneic B6 skin showed no signs of rejection (*n*=6, MST\>40 days). (**c**) Kinetics of bioluminescence intensity emitted by transferred B6-LucTg CD8 T cells after skin transplantation in the B6-Albino hosts. Bioluminescence imaging (BLI) was performed regularly and the *in vivo* imaging data demonstrate proliferation and migration of CD8 T cells in the hosts. Regions of interests (ROIs) were defined for the lumbar node as draining lymph node (dLN), grafted allogeneic BALB.B skin and syngeneic B6 skin, spleen and cervical lymph node as peripheral lymph node (PLN). Total photon outcomes from each ROI from three different mice were plotted along the time course. Data are presented as the mean±s.e.m. (**d**) Flow cytometric analysis of CD45.1^+^ CD8 T cells in the adoptive CD45.2^+^ B6 hosts after skin transplantation. Cells present in the DLN, BALB.B skin graft, spleen and PLN of the transplanted mice were analyzed by flow cytometry at different time points after transplantation. Representative flow cytometric data are shown. Numbers of CD45.1^+^ CD4^−^ cells were calculated and plotted. Data shown represent three (**b**) or two (**c** and **d**) independent experiments (*n*=3 per group per experiment).](emm2014107f1){#fig1}

![Transient immunodominance of H60 prior to overall prominent dominance of H4 during anti-BALB.B allo-response. (**a**) Flow cytometric analysis of PBLs, splenocytes and draining LN cells in female B6 mice at different time points after BALB.B skin transplantation. Cells were stained with H60- and H4-tetramers, in combination with anti-CD8 and anti-CD11b monoclonal antibodies. Data were analyzed after gating for CD8^+^ cells. Percentages of each tetramer-binding cells among CD8^+^ cells were denoted in the flow cytometric data and the values were plotted. Representative flow cytometric data obtained on days 7 and 10 are shown. (**b**) IFN-γ-secretion analysis of CD8 T cells in spleens and draining LN on days 7 and 10 post transplantation. CD8 T cells were analyzed for IFN-γ production in response to stimulation with H60, H4 or VSV peptide. Representative flow cytometric data are shown. Percentage values were deduced of values obtained after VSV--stimulation and were plotted. Data shown represent two independent experiments (*n*=3 per group per experiment).](emm2014107f2){#fig2}

![Participation of H60-specific CD8 T cells in the allo-response after skin transplantation. (**a**) Experimental scheme of BLI analysis on H60-specific CD8 T cells after BALB.B skin or H60 congenic skin transplantation. B6-LucTg J15 CD8 T cells (1 × 10^5^) were adoptively transferred to B6-Albino mice one day prior to BALB.B skin transplantation. (**b**) J15 CD8 T cells were monitored periodically after transplantation of BALB.B skin or H60 congenic skin onto B6 mice. Imaging data shown represent two independent experiments (*n*=3 per experiment). Total flux values obtained from the draining LNs and grafted allogeneic or syngeneic skin were plotted. (**c**--**d**) Responses of female B6 mice against different allo-grafts from BALB.B, H60 congenic or H4 congenic mice. (**c**) Survival of the different grafts. (**d**) Longitudinal flow cytometric analysis of peripheral blood leukocytes after transplantation. Representative flow cytometric data after gating for CD8^+^ cells are shown. Frequencies of H60-tetramer and H4-tetramer-binding CD8 T cells in blood are plotted. Data shown represent two independent experiments (*n*=3 per group per experiment).](emm2014107f3){#fig3}

![Reversed immune hierarchy by the enhancement of H60-specific CD8 T-cell frequency. (**a**) Survival of grafted BALB.B skin in B6 mice under different immune conditions. Naïve female B6 mice or B6 mice that were pre-immunized with splenocytes (2 × 10^7^) from male H60 congenic or H4 congenic mice 30 days prior were transplanted with BALB.B skin. Survival of BALB.B grafts collected from two independent experiments were plotted (*n*=12 per group). (**b**) Flow cytometric analysis of peripheral blood leukocytes after staining with H60- or H4-tetramers. Representative data obtained on day 10 post transplantation of BALB.B skin are shown. Frequencies of tetramer-binding CD8 T cells are plotted. Two independent experiments were performed (*n*=3 per group per experiment).](emm2014107f4){#fig4}

![Dependence of H60 dominance on direct antigen presentation by donor APCs. (**a**) Experimental scheme. CD45.1^+^ CD8 T cells were adoptively transferred into *β2m*^*−/−*^ mice which were then transplanted with skin from BALB.B, H60 or H4 congenic mice 3 weeks later. B6 control mice were transplanted with BALB.B skin. (**b**) peripheral blood leukocyte (PBL) analysis of the transplanted mice. PBLs from the transplanted mice were analyzed by flow cytometry after staining with H60-tetramers and H4-tetramers. Representative data after gating on CD8^+^ cells are shown. Frequencies of the tetramer-binding CD8 T cells in blood were plotted. Data shown (**b**, **c**) represent two independent experiments (*n*=3 per group per experiment).](emm2014107f5){#fig5}

![Lack of full expansion of H60-specific CD8 T cells in the absence of direct presentation after allogeneic skin transplantation. (**a**) Experimental scheme. WT B6 mice were transplanted with *β2m*^*−/−*^ H60 congenic or *β2m*^*−/−*^ H4 congenic skin. Control mice were transplanted with BALB.B, H60 congenic or H4 congenic skin. (**b**) PBLs of the transplanted mice were analyzed by flow cytometry after staining with H60-tetramers and H4-tetramers. Representative data obtained after gating on CD8^+^ cells are shown. Frequencies of the tetramer-binding CD8 T cells in blood were plotted. Data shown (**b**) represent two independent experiments (*n*=3 per group per experiment).](emm2014107f6){#fig6}
